Mitochondrial DNA (mtDNA) sequence variation was examined in eight taxa of the African rodent family Bathyergidae, as well as in two taxa representative of the Old-World hystricognathid rodent families Petromyidae and Thryonomyidae. A total of 8 12 bp, constituting domains I-III of the 12s ribosomal rRNA gene, were compared for each taxon. The hi levels of intrafamilial mtDNA sequence divergence observed (average 16.8, range 3.5-23.2) support an ancient origin for the five genera, 20-38 Mya. These data do not support the current subfamilial groupings of the Bathyergidae. The eastern African naked mole-rat, Heterocephalus glaber, is the most basal representative of the family, with the silvery mole-rat, Heliophobius, being the next most basal. South African forms [dune, common, and cape molerats (Bathyergus, Cryptomys, and Georychus, respectively )] group together. The independent origin of the common male-rat, relative to the naked mole-rat, suggests that complex social systems evolved in parallel along different bathyergid lineages. The 12s rRNA gene is not evolving at a higher rate within the rodent lineages, relative to that seen for artiodactyls and primates. Bathyergid rodents appear to fall at an extreme end of the spectrum of mammalian variation, with respect to both transition/transversion ratios and divergence, showing much lower transition/ transversion ratios than thoSe previously reported for intrafamilial comparisons.
Introduction
Mole-rats of the family Bathyergidae represent a monophyletic group of fossorial rodents endemic to sub-Saharan Africa. The family consists of five genera, with two restricted to eastern Africa [naked mole-rat (Heterocephalus) and silvery mole-rat (Heliophobius)]
, two restricted to South Africa Idune mole-rat (Bathyergus) and cape mole-rat (Georychus) 1, and one genus [common mole-rat (Cryptomys)] found intermittently throughout regions of sub-Saharan Africa (DeGraaff 198 1, p. 74; Honeycutt et al. 199 1) . Most debate concerning the evolution of the Bathyergidae has focused on the placement of the family with respect to other rodent groups in the suborder Hystricognathi (Sarich 1985; Wood 1985) . This debate has overshadowed problems of relationships among taxa within the family, despite the fact that bathyergids display several interesting biological attributes worthy of further study. These attributes are as follows: ( 1) the family has an exclusively African radiation dating at least to the Miocene, and it is part of a broader and older hystricognathid radiation in Africa and South America (Patterson and Wood 1982; Woods 1982; Wood 1985) ; (2) the dis- tributions of selected genera are disjunct, with representative taxa confined to restricted areas in Africa, posing some interesting biogeographic questions (Honeycutt et al. 1987) ; and (3) at least three forms of population structure (i.e., eusocial, colonial, and solitary species) exist within this family, (Bennett and Jarvis 1988; Jarvis and Bennett 199 1) . Two studies have addressed relationships within the Bathyergidae (Honeycutt et al. 1987; Nevo et al. 1987) , and neither study resolved relationships among the five genera or within the genus Cryptomys. This lack of resolution results in part from the fact that taxa within the. Bathyergidae are quite divergent. Therefore, the present paper addresses relationships by using nucleotide sequences of the mitochondrial 12s rRNA gene. This gene has been shown to provide resolution in at least one mammalian order, Artiodactyla (Miyamoto and Boyle 1989; Miyamoto et al. 1990 ). The origin and subsequent radiation of the family Bathyergidae in Africa are thought to have occurred -20-40 Mya, and, given the rate of 12s rRNA gene evolution in artiodactyls, this gene should be appropriate for the comparisons in the present study. In addition, detailed studies of rodent taxa [besides mouse (Mus) and rat (Rattus)] will provide a more robust data set for addressing mitochondrial gene evolution in mammals.
Material and Methods
mtDNA Isolation and Nucleotide Sequencing mtDNA was isolated from liver tissue by using cesium chloride-propidium iodide gradient centrifugation (Honeycutt et al. 1987) . Purified mtDNA was subjected to PCR amplification with recombinant Tug DNA polymerase according to the specifications of Saiki et al. ( 1988) . Two sets of oligonucleotide primers, one from Kocher et al. ( 1989) , were modified for amplification and sequencing reactions of two overlapping regions ( fig. 1 ) . Double-and single-stranded PCR amplifications were performed according to the manufacturers' (GeneAmp and Perkin Elmer-Cetus) instructions, with denaturation at 95°C for 1 min, annealing at 5O"C-65°C for 1 mitt, and extension at 72°C for 1 min 15 s, for 25-30 cycles. Single-stranded DNA (ssDNA) amplification for direct sequencing followed the unbalanced-primer procedure of Gyllensten and Erlich ( 1988), as modified by Allard et al. ( 199 1) . Sequencing was performed using the dideoxy chain-termination method (Sequenase version 2.0, U.S. Biochemical Corp.; Sanger et al. 1977) on gradient sequencing gels (Biggin et al. 1983) . Sequencing reactions were run for all primer positions, and each reaction was electrophoresed for 6 h on gradient gels and for 12 h on nongradient gels. Often, several additional sequencing runs were conducted to determine accurately the sequence. We did not include the most 3' 150 bp of the gene (domain IV) in our amplification and sequencing procedures. All sequenced genes were aligned using the program Clustal (Higgins and Sharp 1989) .
Divergence Profiles
Quantitative comparisons between pairs of bathyergid mole-rats and outgroup taxa were made, for the first three domains of the 12s rRNA gene. Transitions (TS), transversions (TV), base positions shared between taxa (BPS), difference (p), and nucleotide divergence per 100 sites (d) were calculated (presented in table 1). Nucleotide divergence was computed using Kimura's two-parameter method. TS/TV ratios were plotted against d to assess patterns of variation of the 12s rRNA gene, because rates of change (as they pertain to saturation effects) and evolutionary constraints can influence the patterns of character evolution observed. To test whether evolutionary rates relative to the 12s rRNA gene differed within rodents and/or within the bathyergid rodents, we used the binomial test along with the following formula (Mindell and Honeycutt 1990): where r = number of unique differences for either ingroup taxon (whichever has the least number of differences), and m = total number of unique differences for both ingroup taxa combined). Paired taxa were compared against a known outgroup by aligning all three species and counting the changes unique to each ingroup. When all three sequences were different at a site, differences were counted conservatively for each of the ingroup taxa. A binomial test is an exact probability test, and all parameters for this equation are known. P is calculated for a one-tailed test and is doubled for a two-tailed test. Theoretically, the expected number of unique differences per taxon, relative to the outgroup, should be distributed equally if there is a uniformly distributed fixation rate. This expected result can be compared with the observed substitutions.
Phylogenetic Analysis
Parsimony analysis was used to construct phylogenetic trees from the variable nucleotide differences by using two programs, Phylogenetic Analysis Using Parsimony (PAUP; Swofford 1990) and HENNIG86 (Farris 1988 ) . Variable nucleotide positions were treated as unordered discrete characters with five possible states-A, C, G, T, or -(=gap). Two outgroups (cane rat and dassie rat) were used for rooting the phylogenetic tree. Both taxa have been suggested as sharing sister-group relationships with the Bathyergidae (Woods 1982; Sarich 1985) and are therefore the most reasonable taxa for rooting the tree. Regions of indels are the most difficult to align and thus may represent artifacts. For this reason, indels were not used in the phylogenetic analysis; rather, they were conservatively coded as missing data.
The successive-approximations approach to character weighting was also used. This method was developed directly from the concept of "cladistic reliability" and is Allard and Honeycutt Frc. 2.-Aligned sequences of 12s rRNA gene from eight African mole-rats and two outgroup taxa.
Only the nucleotides that differ from those of the naked mole-rat are shown. A dot ( -) indicates that the base is the same as that for naked mole-rat. Hg = Heterocephalus glaber; Ha = Heliophobius argenteocinereus; Bs = Bathyergus suillus; Bj = B. janetta; Chh = Cryptomys hottentotus hottentotus; Cd = Cryptomys damarensis; Chn = Cryptomys hottentotus natalensis; Gc = Georychus capensis; R = Petromus typicus; and Ts = Thryonomys swinderianus. A dash (-) indicates that a space has been introduced to maintain alignment, and an "N" denotes an ambiguous base position. The sequence starts at the corresponding Mus bp 83 (Bibb et al. 198 1) . "I"' designates an additional conservative primer site (incorporating the 3' end of helix 14) which was not sequenced in all bathyergids and was thus left out of the alignment. Cane rat and mouse do not differ in this region (5' CTGGGATTAGATACCCCACTAT 3').
useful for choosing among equally parsimonious cladograms (Carpenter 1988) . Characters which change frequently have higher levels of homoplasy. These characters are unreliable indicators of relationship; thus, with the successive-weighting method, one can weight these characters less and can weight reliable characters more. HENNIG86 (Farris 1988 ) was used to weight characters on a scale of 1-10, with the greatest weight given to the most reliable characters. The process was continued until the same tree was obtained on two successive passes (Farris 1969) .
Several additional phylogeny-reconstruction methods were utilized, in order to see whether alternative topologies were supported by the various analyses. The max- rat (Cryptomys hottentotus hottentotus), from Republic of South Africa, Cape Province, Eendekuil; the damar common mole-rat ( C. h. dumarensis), from Republic of South Africa, Cape Province, Namibia, Okahanja; the natal common mole-rat (C. h. natulensis), from Republic of South Africa, Natal, Pietermaritzburg; the cape mole-rat (Georychus cupensis), from Republic of South Africa, Natal, Nottingham Road; the dassie rat (Petromus typicus), from Republic of South Africa, Cape Province, 47 km northwest of Kakamas; and the cane rat ( Thryonomys swinderianus), from Republic of South Africa, Natal, Inchanga (see Fig. 2 ). All bathyergid specimens had been examined elsewhere (Honeycutt et al. 1987 ) for mtDNA restriction-fragment variation.
Results and Discussion

Rates of Divergence
The bathyergid taxa demonstrate a wide range of d, with the most divergent lineages differing by d = 23.2, p = 18.9 (table 1). Even between congeneric taxa, divergence is high (e.g., for Buthyergus suillus and B. junettu, d = 3.5 and p = 3.4; among Cryptomys, d = 6.3-l 1.6 and p = 6.0-10.1. These levels of divergence are quite high compared with those for pairwise comparisons involving taxa within the order Rodentia, as well as compared with those for other orders of mammals (table Hixson and Brown ( 1986) and the data of Miyamoto et al. ( 1990) , respectively, and include only the regions that align with the bathyergids. All values are also included in table 1. n = Rodentia; 0 = Primates; and + = Artiodactyls. lower levels of divergence ( < 10 ) is much larger, with rodents and artiodactyls showing lower ratios relative to primate comparisons at similar levels of divergence ( fig. 3 and  table 1 ) . In addition, primates show greater variation in their TS / TV ratio than do either artiodactyls or rodents. Either an exponential or a power-function equation could fit these points, though these data may be due to two or more separate effects, with primates having a fundamentally different molecular evolution compared with either the rodents or artiodactyls. To test for significant differences between the taxonomic groups (primates, rodents, and artiodactyls) , a one-factor analysis of covariance was conducted for both TS, and TV (dependent variables), separately, against d (independent variable). The slopes in both these comparisons were significantly different between taxonomic groups (with interaction between d and taxon, P < 0.000 1). One possible explanation for the difference in slopes of TV versus d is the different generation times between these taxa. The cause for this pattern of variation is debatable but may be due either to mutation bias in regions bracketed by structural constraints (Brown et al. 1982) or to a highly biased substitution process, in part due to selective constraints on the molecule ( Aquadro et al. 1984) . At least for the 12s rRNA gene, the presumed TS bias observed for mammalian mtDNA divergence (Brown et al. 1982; Hixson and Brown 1986 ) may represent a primate phenomenon rather than a general trend for all mammalian lineages, thus providing evidence for Aquadro et al's ( 1984) interpretations. 
Phylogenetic Relationships
The use of small sample sizes per species is justified by the findings in an earlier comparison of these taxa (Honeycutt et al. 199 1) which showed p variation < 1 for intraspecific comparisons (except for the unusually large divergence value-i.e., 6-found between two populations of Georychus), and conspecifics always grouped with each other. An exhaustive search using the 185 phylogenetically informative characters found one most-parsimonious tree ( fig. 4) with length 6 17, consistency index 0.59, and retention index 0.50. C. hottentotus hottentotus and C. h. natalensis group together relative to C. damarensis, an observation supported by restriction-fragment data on the entire mtDNA molecule (Honeycutt et al. 1987) . The sister group to Cryptomys is a clade consisting of Bathyergus and Georychus. The most basal taxon within the Bathyergidae is the eastern-African species Heterocephalus gluber. The node connecting Heliophobius with the larger clade containing Cryptomys/Bathyergus/Georychus is supported less. A total of five additional trees, differing from the most-parsimonious tree by one to three steps, were found after the distribution of all possible trees was examined. The tree one step longer differs from the most-parsimonious tree by the placement of Heliophobius, aligning this taxon with Bathyergus rather than with the larger clade. Trees three steps longer differ in the placement of either Georychus or
Heliophobius.
The observed levels of divergence among bathyergid taxa, along with the presumed association between low TS/TV ratios and high levels of divergence, suggest increased frequencies of multiple hits (Moritz et al. 1987 ) . To address this possible problem for our phylogeny reconstruction, two additional types of analyses were performed. The successive-approximation approach (Farris 1969 ) was used as a form of character weighting (see Material and Methods) to reduce the influence of unreliable characters (Williams and Fitch 1989) . The resulting tree derived from this weighting scheme was the same as the most-parsimonious tree, suggesting that this topology is robust ( fig. 4) . Second, transversions associated with 12s rRNA gene evolution have been shown to be linear with time (Miyamoto and Boyle 1989) . Therefore, TV were used in a parsimony analysis. The tree topology derived from TV only differed from that in figure 4 , with Heliophobius grouping with the Heterocephalus. Both the maximumlikelihood (Felsenstein 198 1) and neighbor-joining (Saitou and Nei 1987) approaches, using the variable characters, supported the most-parsimonious tree (fig. 4) . The tree constructed using the bootstrap method was identical to the parsimony-tree topology, with all nodes supported 260% or more of the time-except for the association between Georychus and Bathyergus, which was supported 39% of the time (fig. 4 ).
Phylogenetic Implications
On the basis of the stability of tree topologies derived from the 12s rRNA gene sequences, the node with the weakest support is the placement of Heliophobius. Different biogeographic implications result, depending on where one places this taxon. On the one hand, if Heliophobius and Heterocephalus are considered sister taxa, then the bathyergid taxa could be grouped into eastern-African and southern-African clades. On the other hand, if the Heliophobius forms a clade with the South African taxa, then one might propose a migration/radiation between eastern Africa and southern Africa. Floral and fauna1 interchanges are presumed to have occurred across an arid corridor connecting eastern and southern Africa (van Zinderen Bakker 1967; Van Couvering and Van Couvering 1976) ; therefore some credence may be given the latter scenario.
Three genera of mole-rats (Bathyergus, Georychus, and Heliophobius) have population structures consisting of territorial and solitary individuals with little defined social structure. To the contrary, two species (Heterocephalus glaber and C. damarensis) are highly social. The naked mole-rat (Heterocephalus glaber) represents the only example of eusociality in mammals, and C. damarensis is known to be colonial, with overlapping generations and cooperative behavior (Jarvis and Bennett 199 1) . The phylogenetic hypothesis proposed in the present study suggests that these two social forms of mole-rats are not each other's closest relatives, suggesting that complex social behavior evolved in parallel in the family Bathyergidae. In addition, an unpublished allozyme study (L. Janecek, personal communication) supports this disassociation. These observations add considerable support to Jarvis and Bennett's ( 199 1) suggestion that sociality in bathyergids may be influenced by environmental factors, with both social forms living in harsh arid environments where resources are scarce.
Sequence Availability
The sequences for the 10 taxa of rodents examined have been deposited in GenBank under accession numbers M63562-M63571.
